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H3MMARY

Normal-forceandpressuredistributionshavebeendeteminedfora
bodyofrevolutionconsistingofa fineness-ratio-3,circular-arc,ogival
nosetangenttoa cylindricalafterbody7 diameters long.Thefree-
streamMachnumberwas1.98;theangle-of-attackrangewasfrom0°to
200;andtheReynoldsnumbers,basedonbodydiameter,were.O.l~xl&and
o.45kuY3.

Comparisonsofexperimentalandtheoreticaldistributionsofpressure
andnormal-forcecoefficientsindicatethatavailabletheoreticalmethods
canbe expectedtopredictexperimentalresultswithgoodaccuracyfor
anglesofattackonlyto about 5°. The zero-liftpressuredistribution
isadeqmtelypredictedby VanDyke’ssecond-ordertheory:i

Thenormal-forcedistributionsdiffersignificantlyfrm thosecal-
culatedinaccordancewiththeorieswhichincludemethodsofestimating
theeffectsofviscosityontheforcesandmomentsforinclinedbodies.
Analysisofthedatashowsthattheseclifferencesare,ingeneral,attrib-
utabletoinadequateestimatesof themagnitudead distributionofthe
crossforcesresultingfmm flowseparation.Resultsofthetestsat
differentReynoldsnumbersshowthat,insofaras theviscouscross-force
distributiononan inclinedbodyisconcerned,theboundary-layerflowin
thesxialandcrossfbwdirectionscannotalwsysbe consideredindependent.

INTRODUCTION

Thedesignofmissilesandairplanesforoperationatveryhigh
speeds,coupledwiththerequirementofgood.maneuverability,hasledto
theuseofconfigurationsinwhichtheaerodynamiccharacteristicsofthe

%upersedesNACAFMA5@23 byEdwardW. I%rkinsandLelandH.
,,, Jorgensen,199.
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2 NACATN3716

bodiesareimportant.Althoughseveraltheoreticalmethodsbasedupon
potential-flowconceptsareavailableforpredictingthecharacteristics
ofbodies,theangle-of-attackrangeforwhichthesetheoriesyieldsatis-
factoryresultsislmowntobeverylimitedbecauseoftheeffectsof
viscosity.An approximatetheorybasedupontheideathattheeffectsof
viscosityontheforcesandmomentsforhighfinenessratiobodiesof
revolutioncanbe estimatedby treatingeachcrosssectionofthebodyas
an elementofan infinitelylongcircularcyEnderwasproposedbyAllen
inreference1. Althoughtheactualflowaboutan inclinedbodywas
knowntobemorecomplexthanthatassumedas thebasisforthismethod,
ithasbeenshownthatformanycases,themethodcanbeusedtopredict
satisfactorilytheforcesforhighfinenessratiobodies(ref.2). How-
ever,becauseoftheassumptionsinvolvedinthedwelopmentofthe
method,satisfactoryestimatesoftheaerodynamiccharacteristicsof low
finenessratiobodiescannotbe e~ected.Furthermore,Reynoldsnumber
effectsontheforcesandmomentsareonlygyalitativelypredictedwith
thismethod.

Studiesoftheflowaboutinclinedbodiesbymeansofthevapor-
screentechnique(ref.2) haveshownthatthereisa similaritybetween
theaxialdevelopmentofthecrossflowaboutan inclinedbodyandthe
dwelopmentwithtimeoftheflowabouta circularcylinderimpulsively
setinmotionfromrest. Baseduponthisobservation,itwassuggested
inreference2 thattheaxialdistributionofthecrossflowdragforan
inclinedbodymaybe similartothetime-dependentdragofthecircular
cylindertipulsivelysetinmotionfromrest. tiployingthisdoncept,
Kelly(ref.3) showedthatsomeimprovementintheestimationofthe
forcecharacteristicsforlowfinenessratiobodiescanbe obtained.How-
ever,thisapproachyieldsunsatisfactorypredictionsforhighfineness
ratiobodiesat largeanglesofattack.

Becauseofthelackof experimentaldataontheloaddistributions
forinclinedbodies,itisgeneraU_yimpossibleto determinea priori
thereasonsforfailureof eitherAllentsorKelly~smethodinanypartic-
ularcase. Itwasthepurposeofthepresentinvestigationto determine
experimentallythenormal-forcedistributionsonan inclinedbodyandto
comparethesedistributionswiththosecomputedwiththemethodsproposed
inreferences1 and3. The resultsofthesecomparisonsarepresentedin
thisreportandareusedto indicatetheconditionsforwhichtheproposed
methodsmaybe expectedtoyieldsatisfactoryestimatesoftheover-all
forcesandmomentsandthoseforwhichseriouserrorsintheforcepre-
dictionsmayresult.

Thescopeofthepresentinvestigationislimitedinthatde$ailed
force-distributiondataforonlyonebodywereobtainedforanalysis.
Nevertheless,it isfeltthattheresultsaregenerallyindicativeofthe
conditionswhichmightexistfora widevarietyof cases.Sinceitwas
necessaryto obtainpressure-distributiondatainorderto determinethe ,4.

——— —— -. .- .—. .-
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‘forcedistributions,pressuredistributionsarealsopresentedandcom-
paredwiththepredictionsofpotentialtheories.
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% free-streamdynamicpressure

Re free-streamReynoldsnumberperinch

Rec crossflowReynoldsnumberbasedonbodydiameter(Red sina)

x,r,emodelcylindricalcoordinates,originat thevertex(e= & in
theverticalplaneof symmetryonthewindwardside)

% momentcenterlocationmeasuredfromvertex

Xp center-of-pressurelocationmeasuredfromvertex

a angleofattack

P potential-flow

Subscripts

component

v viscous-flowcomponent

APPARATUSANDTESTS

Tunnel

TheexperimentalinvestigationwasconductedintheAmes1-by 3-
footsupersonicwindtunnelNo.1. Thistunnelisa closed-circuit
variable-pressuretunuelinwhichtheReynoldsnumberis changedbyvary-
ingthetotalpressurewithintheapproximatelimitsofone-fifthofan
atmosphereto twoatmospheres.Machnumbersbetween1.2and2.5are
obtainedby adjustmentof theupperandlowerflexiblesteelplatesof
thenozzle.

Model

Themodeltestedhada fineness-ratio-3tangentogivenosewitha
cylindricalafterbody.A singlerowof23 orificesextendedlongitudi-
nallyoverbothnoseandafterbody.Themodel,whichwasconstructedof
steel,wasstingsupportedfromtherearandcouldbe rotated360°about
itslongitudinalaxisby a mechanismoperatedfromoutsidethetunnel.
Pertinentmodeldimensionsandorificelocationsarepresentedin
figure1.
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Thepressure-distribution
1.%. Themodelwastestedat
200fora free-streamReynolds
ofattackof100and150fora

.,

.

Tests

datawereobtainedfora Machnumberof
anglesofattackof 0°,>, 10°,150,and
numberofO.39x10eperinch.andatangles
free-streamReynoldsnumberof O.13x108

perinch(Reynoldsnumbersof O.4~06 andO.l~06 basedonbodydiam-
eter). At eachangleofattack,circund?erentialpressuredistributions
wereobtainedby rotatingthemodelthroughthedesiredrangeof circum-
ferentialangles(6)inincrementsof 150or less.Allpressureswere
photographicallyrecordedfroma multiple-tubemanometersystem.

Sincethepressure-distributiondatawereobtatiedfroma single
longitudinalrowoforificesby rotatingthemodelsothattheorifices
wereinthedesiredplane,a checkwasmadetodetermineifhysteresis“
effectsresultedfromthistestingmethod.Comparisonsofthepressure
distributions(fig.2) show”that,eventhoughthereweresmallasymme-
triesintheflow,therewereno effectsofhysteresisduetomodel
rotation.

Inadditionto thehysteresischeck,a repeatrunfor u = 150and
Re = 0.39xl@perinchwasmadeat a laterdate.A comparisonofthe
pressure-distributiondatafromthisrunwiththedatafromthe“hyster-
esisrun’-(fig.2) indicatesthatthepressuredistributionscanbe
repeatedwithgoodaccuracyexcept,as expected,nearthepositionsof
flowseparation.

TohelpassesstheeffectsofReynoldsnumberandtransitionfrom
laminarto turbulentflowonthepressureandnormal-forcedistributions,
themodelwasalsotestedat 0°,150,and200anglesofattackwitha
turbulence-producinggridmountedupstreamofthewind-tunnelthroatat
aboutthe0.5Machnumberposition.l!komschlierenpicturesofthe
modelat 0° angle ofattack,itwasfoundthatfora free-streamReynolds
number of 0.39x108perinch,useoftheturbulencegridresultedin
forwardmovementofthetransitionpositionfrom7.5bodydiametersto -
6 bodydiametersfromthevertex.

REDUCTIONOFDATA

Allthedatahavebeenreducedtopressure-coefficientformandhave
beencorrectedfortheeffectsofthesmallnonuniformitiesinthewind-
tunnelflow.Thecorrectedpressurecoefficientsaxelistedintable1.
Forthemodelatzeroangleofattack,anaveragevalueof ~ is
listedforeach x/d.station,sincethevariationof Cp aroundthe
bodywaslessthan*0.OCQ.

. . . . .. .— - .. —- — .— ——
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Forthemodelat
(Cn)wereobtainedby

angleofattack,localnormal-forcecoefficients
integratingthepressurecoefficientsaroundhalf

.

ofthebody.Althou&someofthepressuredistributionswereslightly
asymmetric,itwasfoundthatnegligibleerrorin cn resultedfromthe
assumptionof symmetricalflow.Thelocalnormal-forcedatawerethen
graphicallyintegratedto obtaintotalnormal-forceandpitching-moment
coefficients.

Theuncertaintyoftheexperimentaldatawasestimatedby consider-
ingthepossibleerrorsintheindividualmeasurements(includingcorrec-
tions)usedinthecalculationofthefinalresults.Theuncertaintyof
a gyantitywastakenas thesquarerootofthesumofthesqy.aresofthe
possibleerrorsintheindividualmeasurements.Theresultinguncertain-
tiesinthefinalquantitiesareas follows:

Quantity Uncertainty

%
*().()()5

Cn * .004
c~ *o@
% +.055
a *.~o

*
Exceptneartheregionsofflowseparation,thecomputeduncertainty

in ~ appearstobe consistentwiththerepeatabilityofthedata.(See,
e.g.,fig.2.)

RISUI!I’SANDDISCUSSION

PressureDistributions

Comparisonoftheoreticalsadexperimentalpressuredistributions.-
Mostofthecomparisonsofthetheoreticalpressuredistributionswith
theexpertientaldatawhicharemadeipthefiguresofthisreportare
fora Reynoldsnuniberof 0.39xlC$pertich.Comparisonsata single
Reynoldsnumberareconsideredsufficientsince,forzeroangleofattack,
theReynoldsnumbereffectsarenegligible,andforangleofattack,vary-
ingtheReynoldsnumberaltersthedetailsofthepressuredistributions
butdoesnotsignificmtlychangetheagreementwiththeory.

Theoreticalpressuredistributionsat zeroangleofattack,calcu-
latedwithfourdifferentmethods(refs.4, 5, and6) arecomparedwith
theexperimentalresultsinfigure3. Exceptnearthe
suredistributionspredictedwiththevarioustheories
appreciablyandareingoodagreementwithexperiment.
theoreticalmethodswhichyieldsatisfactoryagreement

vertex,-thepres- .
donotdiffer
Ofthethree
over.thefull ,

— . —.
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lengthofthenose,thatis,themethodof characteristics,VanDykets

7

second-ordertheory,andthemethodofBolton-ShawandZienkiewicz,the
last(ref.~)isby farthesimplesttouse.

Oftheseveraltheoreticalmethodsavailableforcalculatingthe
pressuredistributionson inclinedbodiesofrevolution,twohavebeen
chosenforcomparisonwiththeexperimentalresults.Thesearethefsm.il-
iarfirst-ordertheoryandtheso-called“hybrid”theoryofreference7.2
Thislattermethodcombinesa first?ordercrossflowsolutionwitha
second-orderaxial-flowsolution.Thetheoreticalpressuredistributions
alongmeridianlines((3= constant),computedwithhybridtheory,are
comparedwiththeexperimentaldistributionsforanglesofattackof ~,
10°,17, and20°infigure4. Thedistributionsobtainedwithfirst-
ordertheoryareshownonlyfor a = 10°since,exceptnearthevertex,
thereislittledifferencebetweentheresultsof first-ordertheoryand
hybridtheory.Forallanglesofattackandformostvaluesof e, the
hybridtheorypredictstoolargea valueof thepressurecoefficientat
thevertexof themodel.Goodagreementoftheorywithexperimentover
mostofthebodyisobtainedonlyat ~ an-@eofattack,thedifferences
betweentheoryandexperimentbecomingprogressivelygreaterastheangle
ofattackis increased.Becauseoftheexcellentagreementbetween
second-ordertheoryandexperimentat zeroangleofattack,thefailure
ofthehybridtheory,evenformoderateanglesofattack,isprobably
attributableto inaccuraciesinherentinthefirst-ordercrossflowcontri-
bution.Flowseparation,whichoccursatallbutthelowestangleof
attack,istheprincipalcauseof thepooragreementovertheleewardside
ofthecylindricalafterbody.

Effectsofangleofattackonthepressuredistributions.-Inorder
to showmoreclearlytheeffectsofangleofattackonthevariationof
pressurecoefficien~aroundthebody,circumferentialpressuredistribu-
tionsforsixaxialstationsarepresentedinfigure5. At allanglesof
attackabove~, effectsof crossflowseparationareindicated.As the
angleofattackincreasesfrom5° to 10°,a separatedflowregionis
formedaftontheleesideofthebody.Withfurtherincreaseinangle
ofattack,theseparatedflowregionmovesforwardandalsoprogresses
towardthewindwardsideofthebodyuntilitencompassesalmostthe
entireleesideat20°angleofattack.Ontheleesideofthebody,in
thisseparatedflowregion,secondaryfloweffectsassociatedwiththe
bodyvorticesarealsoobserved.(See,e.g.,fig.5(c)at u=20°and
e~l~o.) mere isaI.sotid~ce of sl.i@tflowasymmetryontheleeside
ofthebody.

Reynoldsnumbereffectsonthepressuredistributions.-Theeffects
ofReynoldsnumberonthepressuredistributionsresultprincipallyfrom
thechangesintheboundary-layer-separationcharacteristicsandthus

21ntheapplicationofboththeories,theexactpressurerelation-
shipforisentropicflowhasbeenused.

-- ..- .. —-— — .——.
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dependprimarilyonwhethertheboundarylayerislaminarorturbulent.
Sincean increaseintheturbulencelevelofanairstreamisknownto
induceeffectswhicharequalitativelysimilartothoseresultingfrom
an increaseinReynoldsnumber,an effectivelyhighReynoldsnumberwas
achievedby purposelyincreasingthefree-streamturbulenceandtesting
at thehighestpracticabletunneltotalpressure.Thepressuredistri-
butionsobtainedundertheseconditions,combinedwiththedataobtained
at lowtunnelpressuresintheabsenceoftheturbulencegrid,providea
fairlywidersngeofeffectiveReynoldsnumbers.

Thedataoffigure6 illustratetheReynoldsnumberorboundary-
layertransitioneffectsonthepressuredistributionsforthebodyof
thepresentinvestigation.Thedatahavebeenplottedforsixstations
alongthelengthofthebodyandforanglesofattackof10°,15°,and
20°. IargeReynoldsnumbereffectsareevidenced.onlyby thedatafor
10°angleofattack.Forthehigheranglesof-attack,15°and20°,
Reynoldsnumbereffectsarepresentbuttheyaremuchlesspronounced.

Thechangesinthepressuredistributionsonthecylindricalafter-
bodywhichaccompanytheincreaseinReynoldsnumberat 10°angleof
attack(fig.6(a))areqyalita%ivelythesaneas thosewhichresultfrom
boundary-layertransitionona circularcy~nder.Fora circularcylin-
der,whenboundary-layertransitionoccursaheadofthepointatwhich
laminarseparationwouldusuallyoccur,theseparationpointmovestoward “
theleesideofthecyltiderandthepressurerecoveryontheleeside
increases.Onthecylindricalafterbodyofthemodelofthepresent .’
investition,theincreaseinReynoldsnumberfrom0.13)(108perinchto
o.39xlF perinchisaccompaniedby a movementoftheflowseparation
pointtowardtheleesideofthebodyandan increaseintheleeside
pressurerecovery.Fromthesedatait isinferredthatfor Re = o.3gxlo6
at a= 10°,boundary-layertransitionoccurredontheinclinedbodynear
thejunctureofthenosewiththecylindricalafterbody.

Normal-ForceDistributions

Comparisonwithpotentialtheory.-Normal-forcedistributionsfor
anglesofattackof 5°, 10°,15°,and200fora Reynoldsnumberof 0.39xl&
perincharepresentedinfigure7. Theexperimentaldatahavebeenreduced
totheformoflocalnormal-forcecoefficientperinchperunitangleof
attackforconvenientcomparisonwiththetheoreticaldistributionscal-
culatedwithslender-bodytheory,Tsien~slin~rizedtheoryandVanDyke?s
hybridtheor~(refs.8,9,and7,respectively).Theinadequacyofthe

‘AlthoughthetheoreticalnormalforcecalculatedwithVanDyke~s r
hybridtheoryisnotstrictlya linearfunctionoftheangleofattack,
forthisparticularcombinationofbodyshapeandMachnumber,thedepar-
turefromlinearityisnegligiblysmallfortheangle-of-attackrangeof
thisinvestigation.
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potential-flowtheoriesatallbutverylow
demonstratedby thesecomparisons.Evenat

9

anglesofattackis clearly
~“angleofattickitis evi-

dentthat,althoughbothTsien~sandVanDykelsmethodspredictthegen-
eralshapeoftheloaddistributioncurve,theliftcarriedonthecylin-
dricalafterbodyisconsiderablygreaterthancalculated.At higher
anglesofattackthelargestpartofthedifferencebetween.theoryand
experimentisattributableto separationeffects.

ComparisonwithmethodsofllllenandKelly.-Intheabsenceofa
rigoroustheoryforcalculatingtheeffectsofflowseparationonthe
forcesandmomentsof inclinedbodies,methodsof estimatingtheseeffects
havebeensuggestedbyAllen(ref.1)andGlly (ref.3). Althoughboth
methodsrelyuponthesameconcept,thatis,thattheviscouscrossflow
aroundan inclinedbodyofrevolutionisanalogoustotheflowarounda
circularcylindernormaltotheairstream,themethodsdifferintheir
subsequentdevelopment.InAllen~smethoditisassumedthatthelocal
viscouscrossforcedependsonlyuponthecomponentof flownormalto the
inclinedaxisofthebody. Therefore,no interactionbetweentheaxial
andcrossflowboundarylayersisanticipated.Thelocalviscouscross-
flowdragcoefficientisassumedconstantalongthebodyandistakenas
equalto thedragcoefficientofa circularcylinderof thesamefineness
ratioas theinclinedbodyandat thesamecrossflowMachnumberand
Reynoldsnumber.

TwomodificationstoAllen~smethodaresuggestedby filly(ref.3).
First,it isassumedthattheviscouscrossflowandaxialflowarenot
independent.Thus,iftheboundary-layerflowonthebodyisturbulent
foranyreasonwhatsoever,theappropriatecrossflowdragcoefficientis
thelowvalueassociatedwithturbulentboundary-layerflow,eventhough
thecrossflowReynoldsnumbermight-beintherangeforwhicha laminar
crossflowboundarylayerwouldbe expected.(Kellydoesnotconsider
casesforwhichtheboundary-hyerflowispartlylaminarandpartlytur-
bulent.)Thesecondmodificationisthat,at anyangleofattack,the
crossflowdragcoefficientshouldnotbe cons-t alongthelengthof the
bodybutshouldreflectthetransienteffectshotedby Schwabe(ref.10)
fora circularcylinderimpulsivelysetinmotionfromrest. Schwabecs
datashowthatthedragcoefficientstartsat zeroat zerotimeand
increaseswithdistancetraveled,untila ma&um valueofapproximately
2.07isreachedafterthecylinderhastraveledabout4.5diameters.
Thus,basedon theassumptionthatthecrossflowdragcoefficientsofa
circularcylinderandam inclinedbodywouldbe equalforequaldistances-
traveledintherespectivecrossflowplain%,theaxialvariationforan
inclinedbodywasrelatedto thevariationwithdistancetraveledofthe
dragcoefficientofa circularcylinder.

Althoughbothlll.len~sandKelly~smethodshavebeenshowntoyield
satisfactorypredictionsoftheover-allforcesandmomentswithangleof
attackfora numberof specificcases,neithermethodyieldssatisfactory

.. . - . . - —.. . .—- -— —-. .——_.-—.—— .-.—— — ——.— —..—-.. —.—— ----- - --
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resultsin everyinstance.Thereasonsforthefailureofthea~roxi-
matemethodscanbe tracedto thefactthattheactualdistributionof
theforcesdifferssignificantlyfromthoseassumed.Forthe.model
testedinthepresentinvestigation,thisisillustratedinfigure8 by
thecomparisonsofthenormal-forcedistributionscalculatedbyAllen~s
andKelly~smethodswiththedistributionsdeterminedby integrationof
thepressure-distributiondata.Theexperimentaldataincludetheresults
obtainedfortwovaluesoftheReynoldsnumber,aswellasthedata
obtainedwiththeturbulencegridinstalledinthetunnel.Fromthecom-
parisonsitis evidentthatthedistributionsestimatedonthebasisof
eitherA1.lentsorKellyrsmethodarenotingoodagreementwiththe
experimentallydetermineddistributionsforthecompleteangle-of-attack
range.Hence,althougheithermethodmayyieldfairlyaccurateestimates
ofthetotalnormalforce,becauseofthefailuretopredictaccurately
thedistribution,neithermethodcanbe expectedtoyieldthecorrect
pitchingmomentandcenter-of-pressureposition.

Crossflow-drag-coefficientdistributions.-It isbelievedthatthe
majorsourceof errorinthe‘loadingscalculatedwiththeapproximate
methodsistheinadequateestimates-oftheforcesresulting&om flow
separation.Withtheassumptionthatthepotential-flowforcesarecor-
rectlypredictedwiththeoryandthatthedifferencesbetweenexperiment
andpotentialtheoryareattributabletoflowseparationeffects,longi-
tudinaldistributionsoftheeffective4localcrossflowdragcoefficients
maybe obtainedfromthedata.Thesedistributionsarecomparedwiththe
distributionsassumedinAllen?sandKellytsmethodsinfigure9. Itis
apparentthatneitheroftheproposedmethodscontainstheessential
featuresofthee~erimentaldistributions.Althoughtherearediffer-
encesbetweentheexperimentaldistributionsfordifferentReynolds
numbersandanglesofattack(thesewi~ be discussedlater),ineach
casetheeffectivecrossflowdragcoefficientstartsnearzeroat the
apex,risestoa maximumvaluedownstreamfromthejunctureofthenose
withthecylindricalafterbody,andthendecreases.In contrastwith
thischaracteristicdistribution,inAllenfsmethoditisassumedthat
thecrossflowdragcoefficientisconstantalongthelengthofthebody.
It isapparentthatAllenfsmethodprovidesa firstapproximationtothe
*otaladditionalcrossforceattributabletoviscouseffects,butthat,
aswaspointedoutinreference2, thecentroidofthisaddedloadingis
toofarforward,withtheconsegpencethattheactualcenterofpressure
ismorerearwardthantheviscoustheoryindicates.

Thedistributionof crossflowdragcoefficientcomputedwithKellyts
methodis in qualitativeagreementwithexperimentalresultsinthatit

.

%L’hesecoefficientshavebeentermed“effective”crossflowdrag
coefficientsbecauseallofthedifferencebetweenpotentialtheoryand
experimentmaynotbe attributedreasonablytoviscouseffectsalone.
Particularlyat thelargeranglesofattack,someofthedifferencemust
be chargeableto failureofthepotentialtheoryitself.

— -. -.
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valueneartheapexandficreaseswithdistancedown-
stream.However,theexperimenta~datareacha maximumvalueat2 to 3
diametersdownstreamoftheogive-cylinderjunctureandthereafter
decrease;whereas}Kelly’sassumeddistributioncontinuesto increasefor
thefulllengthofthebody. It isevidentthattheuseofKell.yts
method,as comparedwithAllen?s,resultsina rearwardshiftofthe
center-of-pressurepositionand,fortheanglesofattackshown,an
increaseinthetotalnormalforce.As willbe shownsubsequently,both
oftheseeffectsresult in improvedagreementwiththeexperimentalnormal
forcesandpitchingmomentsfortheangle-of-attackrangeinvestigated.

Comparisonoftheexperimentalandassumeddistributionofthecross-
flowdragcoefficientat20°angleofattack(fig.9) showsthatKelly~s
methodassumesmuchtoolargea valuebeyondabout6 diametersdownstream
fromthenosevertex.Thisresultsh toolargea valueofnorm&1force
anda center-of-pressurepositiontoofaraft. Forbodieswithlonger
cylindricalafterbodiesorbodiesofhigherfinenessratiothisover-
estimationof thecrossforceontheafterbodyleadsto largeerrorsin
theeStimf3tedcharacteristics.It is, therefore,clear why Ke~y*s method

yieldsgoodestimatesoftheover-allviscouseffectsforlowfineness
ratiobodiesforperhapsa relativelylargeangle-of-attackrangebut,
ingeneral,doesnotyieldgoodesthatesforhighfinenessratiobodies
at largeanglesofattack.A wordofwarningshouldbe extendedat this
point. Althoughit isstatedinreference3 thatthemethodsuggested
thereinisapplicableas longas thevalueof 2/dtanu doesnotexceed
4.5,itappearsfromtheloaddistributiondata(fig.8) that,at least
forthemodeltestedinthisinvestigation,largeerrorsinthepredicted
characteristicsresultifthemethodisusedforvaluesof Z/dtana
greaterthanabowt2.7(l/d=10, u=l~).

Reynoldsnumbereffects.-Forthebodytestedinthepresentinvesti-
gation,theReynoldsnrmibereffectsonthenormal-forcedistributionand
on thedistributionoftheeffectivecrossflowdragcoefficientareshown
infigures8 and9,respectively.At 100angleofattack,a largedecrease
inthelocalcrossforceonthecylindricalafterbodyaccompaniedan
increaseintheReynoldsnumberfrom0.13xl@to 0.39xl&perinch.As
previouslyindicatedinthediscussionof.thepressuredistributiondata,
thisreductionin crossforceevidentlyresultsfromtheeffectsof
boundary-layertransition.

ThereductionoftheReynoldsnumbereffec%withincreasingcrossflow.
Machnumber(increasingangleofattack),shownby theexperimentaldata,
isinaccordwiththeexpectedtrendbasedupontheanalogywiththe
crossflowarounda circularcylinder.Forthecircularcylinderit is
knownthattheReynoldsnumbereffectsdecre?,seas theMachnumiber
increases.FortheinclinedbodytheMachnumbernormaltotheaxisof
thebodywas0.34at a= 10° andincreasedto 0.51at a = 19. The
datashowthat,whereasa largedecreaseinthelocalcrossflowdragcoef-
ficientaccompaniedboundary-layertransitionat a = 100,forthesame
free-stresmReynoldsnumberchangeat a = 1P, thedecreaseinthelocal

.. . ..__ .——.— __.. -_ --—._ —--.——.——.
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crossflowdragcoefficientwasmuchless. Infact,furtherincreasesin
theeffectiveReynoldsnumberthroughtheuseoftheturbulencegrid
resultedinMttle changeinthecrossflowdragcoefficient.

Thesedatashowthatthe“independenceprinciple,”wherebythecross-
flowandaxialflowareconsideredindependentofeachother,is notalways
applicable.Theinadequacyofthisprincipleforcasesinwhichboundary-
layertransitionoccurshasbeenshownforlowspeedflowinreference11.
In thepresentcme, ifthe~p~ence pr~ciplewereapplicable,then
foreachangleofattack,thelocalviscouscrossflowdregcoefficient “
wouldbe a functiononlyof thecrossflowReynoldsnumber.Thus,foreach
angleofattack,thereshouldbea consistentdifferencebetweenthedis-
tributionsfortwodifferentReynoldsnumbers(fig.9). However,thedata
for10°and15°angleofattackshowthatthedistributionsforboth
Reynoldsnunibersareaboutthesameoverthefirstfewbodydismeters,
butforstationsfartherdownstream,thevsluesofcrossflowdragc=ffi-
cientarelowerforthehigherReynoldsnumber.

It is clear,thereforethatthelocalcrossflowdragcoefficient
dependsonwhethertheboundarylayerislaminarorturbtientsndianot
determinedonlybythecrossflowReynoldsnumberandMachnumber.Hence,
for~ accurateestimateoftheviscouscross-forcedistribution,itis
necessarytoknowthepositionofboundary-layertransition.ItiS
apparentthatneitherAllen’snorKelly’smethodcanaccountforthe
observedReynoldsnumbereffects,sinceeachuseswhatmightbe termeda
universalloadingcurvetorepresentthelongitudinaldistributionof
crossflowdragcoefficient,withReynoldsnumbereffectstakeninto
accountby simplemultiplesofthesecurves.

Correlationof crossflowdragdistributions.-Fromfigure9 itis
observedthat,exceptforthehighReynoldsnumberdataat a = 10°,the
axialdistributionsoftheeffectivecrossflowdragcoefficient(Cdc)at
eachangleofattackaresimilar.Thissimilaritysuggeststhatthedata
mightbe correlatedby dividingtheordinatecdc by thecylindersteady-
Statevalue Cdci (ref.E) whichwouldbe expectedfardownstreamonan
extendedafterb~dy.However,asanticipated,itwasfoundthatonlythe
dataevidencinglittleorno effectsofReynoldsnumbercouldbe approxi-
matelycorrelatedto a singlecurve(cf.figs.10(a)and10(b)).Because
boundary-layertransitionapparentlyoccurrednearthenose-cylinder
junctureforthemodelat 10°angleofattackand Re = 0.39xl&pertich,
thesedatadepartsignificantlyfromthesinglecorrelationcurve.For
anglesofattackof15°end200,thedeviationsofthedatafromthecor-
relationcurvearenotlarge,eventhoughReynoldsnumbervariationsare
present.It isthereforeapparentthatthesinglecorrelationcurve
representsthedatasatisfactorilyonlyforconditionsinwhicheither
thebouudarylayerislaminhrortheMachnumbernormaltothebodyaxis
isgreaterthanabout0.5.

Thedevelopmentofa generalcorrelationcurvefromwhichthevis-
couscross-forcedistributionforbodiesofrevolutioncouldbe computed

— . —-— . ——- - -
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readilywouldprovidethedesignerwitha verypowerfultool.Uhfor-
tunatelythecorrelationcurvedevelopedfromtheforegoingdatamaybe
usedonlyforbodieswithgeometricallysimilarnoseshapesandwith
cylindricalafterbodies.Althoughtherearenotsufficientdataavail-
ablefromwhichtheeffectsofallthesignificantparametersofthe
problemcanbe determined,an indicationofthemannerinwhichthe
effectsofnosefinenessratiomaybe takenintoaccountinthecorrela-
tionisprovidedfromfigures7 and10of thepresentreport.Thema@-
mumpositivevalueof cdc/cdctandthemaximumnegativevalueofthe
theoretical.potential-flowcrossforceoccuratapproximatelythesame
longitudinalposition.5Thisfactsuggeststhatthe-effectofnosefine-
nessratioon thelongitudinaldistributionoftheeffectiveviscous
crossforcemightbe satisfactorilyaccountedforbyusing ~ (thedis-
tancefromtheapexof thebodytothepositionoftheminimumvalueof
thetheoreticalpotential-flowcrossforce)as theunitoflengthrather
thansimplythedistanceinbodydiametersasusedinfigure10. Accord-
ingly,thecorrelationcurvehasbeenreplottedinfigure11forcompari-
sonwithsimilardatafora finenessratio5.75ogivepluscylindrical
afterbody(ref.13).6 It isevidentthata satisfactorycorrelation
results.

Althoughthecorrelationsobtainedwiththesedatahaveonlylimited
applicability,itishopedthattheywillprovidea suitableframework
forfurthercorrelationswhenadditionaldatabecomeavailable.Itshould
benotedthat lm isa functionofbothnosefinenessratioandfree-
streamllachnumberandmight,therefore,providea correlationwith
respecttotheMachnumber effects fora givenbody.

Normal-ForceandPitching-MomentCharacteristics

.

Normal-force,pitching-moment,andcenter-of-pressurecharacteris-
ticsobtainedby graphicalintegrationoftheexperimentalnormal-force
distributionsof figure8 arepresentedinfigures12and13. A con-
siderablereductioninnormalforceanda forwardshiftofthecenter-
of-pressurepositionaccompaniedtheincreaseinReynoldsnumberat
a= 10°.Similarchanges,althoughofreducedmagnitude,occurredat
a= l~”and a = 20°. Theseexperimentalcharacteristicsarecompared
withthosepredictedby thesemiempiricalmethodsofAllen(ref.1)and
Kelly(ref.3). Alsoincludedforreferencearethecharacteristics

‘Thisis,of course,notunexpected,sincethecorrelationcurves
werederivedthroughtheuseofthetheoreticalpotentialcross-force
distributions.

‘%hedataofreference13werealsocibtainedfromtheAmes1-by
3-footsupersonicwindtunuelNo.lat thesameMachnumberofl.98.

. .. - - - - ---- —- —- —.—- -— —.— ————. .— —.——.— — —— —--
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predictedwithpotentialtheoriesalone(refs.7 and9)andwiththe
correlationcurve(fig.11)accordingtotlieprocedureoutlinedinthe
Appendixofthisreport.IntheapplicationofAllen?smethod,the
steady-statevaluesof crossflowdragcoefficient(cdct)aretakenas
functionsofthecrossflowReynoldsnumbersandcrossflowMachnumbers
and,hence,varywithangleofattack.IntheapplicationofKelly~s
method,~dcf istakenas 1.2or 0.35,dependingonwhethertheboundary
layerislaminarorturbulent.Thesecomparisonsshowthatnoneofthe
methodsusedcanbe consideredsatisfactoryforallofthetestcondi-
tions.Forthecasesinwhichtheboundarylayerislmowntobe laminar,
thatisthetestsfor Re = 0.13x10sperinchat a~sof 10°and15°,the
valuespredictedwithKellytsmethodandwiththecorrelationcurveare
bothinreasonablygoodagreementwiththeexperimentaldata.Forthe
remainingexperimentaldatatheboundarylayerwasturbulentoverat
leasta partofthebody. Ifthemethodsuggestedby Kellyisused,with
~s ~ue of cdct= 0.35fora turbulentboundarylayer,boththenormal
forceandpitchingmomentaregrosslyunderestimatedat thehigherangles
ofattack.

CONCLUDINGREMARKS

A studyoftheeffectsofviscosity”onthenormal-forcedistributions
foran ogive-cylinderbodyofrevolutionoffinenessratio10hasbeen
conducted.Thefree-streamMachnumberwas1.98.Theangle-of-attack
rangewas0°to20°,andtheReynoldsnumbers,basedonbodydiameter,
wereO.l~lOsand0.4~06. A Reynoldsnumbereffectivelyhigherthan
0.4~108wasobtainedbyusinga turbulenceinducinggridintheentrance
tothewind-tuunelnozzle.

Theexperimentaldatashowthat,insofarastheviscouscross-force
distributiononan inctiedbodyis concerned,iftransitionofthe
boundarylayeroccurs,thecrossflowcannotbe consideredtobe independ-
entoftheaxialflowforcrossflowMachnumberslessthanabout0.6.
Thisistrue,inspiteofthefactthatthecrossflowReynoldsnumbermay
bemuchlowerthanthatatwhichtransitionofthecrossflowboundary
layerwouldbe expected.Upstreamofthetransitionpointthecrossflow
characteristicsarethoseassociatedwitha laminarboundarylayer,while
downstreamthecrossflowcharacteristicsapproachthoseassociatedwith
a turbulentboundarylayer.

.,

Thedistributionsofviscouscrossflowdragcoefficients,determined
fromthedifferencesbetweentheexperimenwy determinednormal-force
distributionsandthedistributionspredictedwithpotential-flowtheory,
differconsiderablyfromthedistributionsassumedineitherofthe
methodswhichhavebeenproposedforestimatingtheeffectsofviscosity
ontheforcesandmomentsof inclinedbodiesofrevolution(Allen,
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NACARMA9126andKelly,NOTSTM-998).A correctioncurveforthe
longitudinaldistributionofthecrossflowdragcoefficientforlaminar
boundary-layerflowwasdeyeloped,basedupontheassumptionthatthe
distributiondependedonlyuponthebodyshape.It isbelievedthatuse
of thiscorrelationcurvefortheviscouscross-forcecontributionin
conjunctionwithfirst-orderlineartheoryforthepotentialcrossforce
providesa satisfactorymethodforestimatingthenormal-forceand
pitching-momentcharacteristicsforsimilarlyshapedbodiesofrevolution
with
mine

Ames

.

laminarboundary-layerflow.Additionalstudyisrequiredtodeter.
theMachnumberrangeforwhichthecorrelationcurveisapplicable.

AeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.,Aug.20,1954
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PROCEDUREFORUSEOFTHECORRELATIONtiURVEINCOMPUTING

NORMAL-FORCEANDPITCHING-MOMENTCOEFFICIENTS

A simpleprocedurebywhichtheaerodynamiccharacteristicsofbodies
similartothatstudiedinthepresentinvestigationmaybe computedis
summarizedinthefollowingsteps:

(1) Computepotential-flowdistribution(cnpvs.X)Ustig van Wke’s
“hybrid”orTsienlspotentialtheory.

(2) Determine~ theaxialdistancefromthevertextothe“x”
p isa minimumaccordingtopotentialstationatwhich cn

theory.

(3) Forvarious‘rx”stations,determinethecorrespondingvalues
of cdc/cdctusing.figureU..

(4) Forvaluesof ~ sina, deternd-nethecorrespondingvaluesof
cdct usingreference12.

(5) Computetheviscouscomponentsofthetotalnormal-forceand
pitcMng-momentcoefficientsby graphicallysolvingthe
e~tions,

2 cdfsin2a
%v= CA

2 cdct s~z~

%= Ad
.

(6) Computethepotentialcomponentsof.thetotalnormal-force
andpitching-momentcoefficientsby graphicallyintegrating
the cnp distributionsof step(l).

z

~L
Cnpdx

P=

I%=: 02cnP(’+~,

-.
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(7) me totalno-l-forceandpitching-momentcoefficientsare
thenobtainedby directadditionoftheviscousandpotential
components,thatis,

. -. -.—- —--- . .. . -— -——---.——— —-—- —--- ..— —— ——. — -—..—— ... ——
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TABLE I.-

1

PRESSURE COEFFICIENTSFOR MODEL AT VARICUS M?GLM OF ATTACK AM’I)REYNOLCS
NuMsms;~ = 1.$)8

(a)a=d, Re=O.39xl~per inch

(b) u&, Re=o.3%1.0eper inch
-.

m’

/

.

(c)-l@, Re=O.3%l&Perinch

I

I

r ,
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TABLEI.- ExPEmmNTAL PRE6SURE com~cum F(X!MODEL AT VARIOUS ANGUS CM’A’I@ACKAMO REYMOIW
NUMBERS;~ E 1.98- continued
(d)U=l@, Re=0.13x10e p= inch

(e) U=ls”, Re=O.39Xl@ per inch



TABLEI.-

1

EXPERIMENTAL PRESSURE COEFFICIENTS FOR MODEL AT VARIOUS
NuMBms: m = 1.98 - Continued

ANGLES OF ATTACK AND REYNOLG3

(f) a=l~”, Re=O.3gxl& “pe; inch-with tunnel turbulence grid

(g)Cf=15°,Re=O.13xl& per inch

N
ru

I

, c



TA.31.@I.- EXPERIMENTAL F’R.WSURXCOEFFICJXNTS FOR MODEL AT VARIOUE ANGLES OF ATTACK AND REYNOUH
NUMBERS;~ = 1.98- Concluded

w

(h) a40°, Re=O,39x106perInch
9

Q,

(1)CCE200,Re=O.39xl~tith tunnel turbulence grid

-e, o,a$a I



\

.

— .——.—- -—--— ....

NACATM3716

L.

.

“



E

r I=IOCI~ rd=’J””IWO

r x— w 0.030” dia.arlflceeIn a sinfje Iongftudlnal
raw with the spactngas tabulated

la

Figure 1.- Model dimen.eioneand orifice locations.
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